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E-mail address: tateno@ccs.tsukuba.ac.jp (M. TatenTo ensure ﬁdelity of translation, several aminoacyl-tRNA synthetases (aaRSs) possess editing capa-
bility to hydrolyse mis-aminoacylated tRNAs. In this report, based on our previously-modelled struc-
ture of leucyl-tRNA synthetase (LeuRS) complexed with valyl-tRNALeu, further structural modelling
has been performed along with molecular dynamics simulations. This enabled the identiﬁcation of
the nucleophile, which is different from that suggested by the crystal structure of the LeuRS  N-
va2AA complex. Our results revealed that the 30 hydroxyl group of A76 acts as a ‘‘gate” to regulate
the accessibility of the nucleophile; thus, the opening of the gate leads to the productive complex
for the reaction.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction lated tRNAs are produced [3–11]. In fact, when isoleucine is re-Aminoacyl-tRNA synthetases (aaRSs) catalyse the attachment of
their cognate amino acid to the 30-end of the cognate tRNA (amino-
acylation), through amino acid activation via an aminoacyl-adenyl-
ate. The aaRSs are divided into two classes: the class I aaRSs are
characterised by the nucleotide binding (Rossmann) fold, which
contains the active site, whereas the active sites of the class II
aaRSs comprise a characteristic seven-stranded b sheet with
ﬂanking a helices [1,2]. The ﬁdelity of translation is ensured by
their strict discrimination of the cognate amino acids from the
non-cognate ones. However, several enzymes, such as isoleucyl-
tRNA synthetases (IleRS), valyl-tRNA synthetase (ValRS), and leu-
cyl-tRNA synthetases (LeuRS), belong to a subclass, i.e., class Ia,
and they have difﬁculties in discriminating their cognate amino
acids. This is caused by the similar chemical structures of the three
amino acids, and thus misactivated amino acids or misaminoacy-chemical Societies. Published by E
LeuRS, leucyl-tRNA synthe-
RNA synthetase; MD, molec-
ular mechanics; ES complex,
tational Sciences, University
571, Japan. Fax: +81 29 853
o).placed with valine in the IleRS system, the error rate is
approximately 1 in 5 [12]. To avoid such incorrect products, these
enzymes catalyse editing reactions by hydrolysing mis-products
[3–11]. Two such reactions have been found: pre-transfer editing
and post-transfer editing. Through pre-transfer editing, a misacti-
vated amino acid is hydrolysed to the amino acid and AMP,
whereas through post-transfer editing, the misaminoacylated
tRNA is hydrolysed to the amino acid and tRNA. In this way, the
overall error rate in the above-mentioned isoleucine system is re-
duced to only 1 in 40 000 [13].
With respect to LeuRS, the crystal structures of the enzyme com-
plexed with pre- and post-transfer editing inhibitors have been
determined [4]. However, whether Escherichia coli LeuRS possesses
the pre-transfer editing activity is apparently masked by a domi-
nant post-transfer editing activity [14–16]. Quite recent experi-
ments have indicated the presence of this activity in Aquifex
aeolicus LeuRS [17], and this organism deﬁnitely possesses the
post-transfer editing activity [4,9,10]. In this study, we thus have fo-
cussed on the post-transfer editing in LeuRS. The crystal structure
of the Thermus thermophilus LeuRS complexed with tRNALeu has
been determined. In this structure, the 30 terminus of tRNALeu is
bound to the editing reaction active site located in the connective
polypeptide 1 domain, which interrupts the Rossmann-fold
catalytic domain [18]. However, the structure does not includelsevier B.V. All rights reserved.
1902 Y. Hagiwara et al. / FEBS Letters 583 (2009) 1901–1908information essential for elucidating the mechanisms of the editing
reaction by LeuRS: (i) a substrate is not included, i.e., no amino acid
is attached to the terminus of the tRNALeu, and (ii) no crystallo-
graphic water molecules have been resolved. In fact, the detailed
mechanisms of the catalysis have not yet been elucidated, even
though biochemical analyses, such as mutagenesis studies on
LeuRS, have been conducted on the basis of the crystal structures
[4,9,10]. Accordingly, in our previous study we constructed a
fully-solvated structural model of the complex of the T. thermophi-
lus LeuRS and misaminocylated (valyl) tRNALeu [19].
In the present study, to identify the nucleophilic factors in the
post-transfer editing reaction, we investigated the hydrated struc-
tures relevant to the editing reaction by performing further struc-
tural modelling with the use of our previously constructed model
of the LeuRS  valyl-tRNALeu complex. This led to the identiﬁcation
of the productive structure for the editing reaction by LeuRS.2. Materials and methods
2.1. Model construction of LeuRS complexed with misaminoacylated
tRNALeu
We previously constructed a modelled structure of LeuRS com-
plexed with valyl-tRNALeu, which was used as the initial structure
for the molecular dynamics (MD) simulations described below
[19]. The model construction was performed using the crystal
structure of T. thermophilus LeuRS complexed with tRNALeu, in
which the 30-terminus is bound to the editing active site (PDB
accession code 2BYT [18]). The computational details of the struc-
tural modelling are described in Ref. [19].
2.2. MD simulations
MD simulations were performed using the AMBER 9 program
[20]. The parm99 force ﬁeld was applied to the atoms of LeuRS
and tRNALeu [21], and the TIP3P model was used for the solvent
water molecules. Electrostatic interactions were calculated by the
particle-mesh Ewald (PME) method, using 1.0 as the dielectric con-
stant [22]. A cut-off of 12 Å was used to calculate the direct space
sum for PME; the electrostatic interactions beyond 12 Å were cal-
culated in reciprocal space by the fast Fourier transform method.
Thus, all electrostatic interactions between atoms were calculated.
The SHAKE algorithmwas used to restrain the bond lengths involv-
ing hydrogen atoms [23]. The time step for integration was set to
1 fs. The temperature and pressure were set using the Berendsen
algorithm [24].
The initial coordinates used for the present MD simulations
were from the modelled structure previously constructed for LeuRS
complexed with valyl-tRNALeu [19]. For the present system, we im-
mersed the complex in a solvent box comprising 49 587 water
molecules, and used the periodic boundary condition where the
size of the unit box was 103.0  138.3  117.1 Å3. The total num-
ber of atoms in the system was 165 739. In the initial (relaxation)
phase of the MD simulation, the water molecules were relaxed at
300 K for 10 ps, while the atoms of the protein and tRNALeu were
positionally constrained by a harmonic function using a force con-
stant of 500 kcal/mol Å2. The force constant was then reduced to
250, 125, 50, 25, 10, and 5 kcal/mol Å2 in six MD simulations.
The time consumed by each simulation was 2 ps. A free dynamics
simulation was subsequently performed at 300 K for 1 ns.
This equilibrated system was used for further structural model-
ling to investigate the hydrated structure relevant to the editing
reaction, in which 1 ns MD simulations were performed in the
presence of constraints to effectively explore the states. First, with
respect to the atomic distance between the carbonyl carbon of thesubstrate and the oxygen atom of the identiﬁed nucleophilic water,
a constrained MD simulation was performed to investigate the
mechanisms of the approach of the water molecule. This simula-
tion was started by using a harmonic potential as the distance con-
straint, where the force constant was set to 5 kcal/mol Å2. When
the atomic distance was not reduced any further, despite the pres-
ence of the harmonic potential in the MD simulation (at about
470 ps), the force constant was increased up to 200 kcal/mol Å2;
this was exploited to mimic the ﬁrst phase of a nucleophilic attack
in the MD simulations, which enabled us to explore larger confor-
mational spaces than with the ﬁrst principles MD simulations. A
similar protocol was applied in other constrained MD simulations
for efﬁcient explorations of conformational spaces. To obtain a PMF
with respect to the rotation of the dihedral angle, C40–C30–O30–
HO30, we employed the umbrella sampling technique, using 14
windows in the range of 50–180. Umbrella sampling is a theoret-
ical technique to efﬁciently search for not only energetically-
favourable but also energetically-unfavourable conformations in
a phase space of a system, combined with a bias potential (e.g. a
harmonic potential) to overcome energy barriers. The force con-
stants of the umbrella potential in those windows were set to
10.0 kcal/mol rad2.
The structures obtained using MD simulations were evaluated
by exploiting quantum mechanics/molecular mechanics (QM/
MM) hybrid calculations in terms of the stability and reactivity.
For this purpose, our interface program [25] was used to connect
QM (gamess [26]) andMM (amber [20]) engines. The detailed com-
putational procedures are described in Supplementary data (S2).3. Results and discussion
3.1. Identiﬁcation of the nucleophile
In our previous study, to construct a structure of the
LeuRS  valyl-tRNALeu complex, we performed an MD simulation
for 500 ps in the last phase of the modelling scheme to equilibrate
the system, and discovered that the catalytic site for the editing
contains ﬁve ordered water molecules. In fact, in the 500 ps MD
simulation, these water molecules were very stable; the hydrogen
bond networks formed between the interfacial ordered water mol-
ecules and the complex were completely preserved in the MD sim-
ulation [19]. In the present modelling study, to further conﬁrm the
structural stability of the complex, we ﬁrst extended the MD sim-
ulation up to 1 ns, and again found that these ordered water mol-
ecules are stably bound to the catalytic site. The above-mentioned
hydrogen bond networks are also fully maintained in the present
MD simulation (Fig. 1a). Moreover, the RMSDs of the
LeuRS  valyl-tRNALeu complex with respect to the crystal structure
of the LeuRS  tRNALeu complex also show that the modelled struc-
ture is quite stable (Fig. 1b). Accordingly, in this study, we utilized
the 1 ns snapshot of the MD simulation as the starting structure for
subsequent analyses.
Among the ﬁve ordered water molecules identiﬁed in the inter-
facial regions around the catalytic site for the editing, one mole-
cule, which is hydrogen-bonded to the 30-hydroxyl group of A76
(30-HO), was found to be closest to the carbonyl carbon of the va-
line attached in the scissile bond. The oxygen atom of this water
is hydrogen-bonded to the hydrogen atom (which is referred to
as 30-HO here) of the 30-hydroxyl group. The atomic distance is
3.4 Å (Fig. 2b), suggesting that this water molecule acts as a nucle-
ophile in the post-transfer editing reaction (this conﬁguration is re-
ferred to as State 1). In contrast, in the crystal structure of the
complex with an inhibitor, 20-(L-norvalyl) amino-20-deoxyadeno-
sine (Nva2AA) (PDB code: 1OBC), another water molecule, which
is hydrogen-bonded to Asp344, was closest to the carbonyl carbon
Fig. 1. (a) Modelled structure of the LeuRS  valyl-tRNALeu complex. The entire structure of the complex (left panel) and the catalytic site for the editing (right panel) are
depicted. The snapshot at 1 ns was extracted from the present MD trajectory and was used to render the ﬁgure. (b) RMSDs of the backbone and heavy atoms of the protein,
and RNA moieties of the LeuRS  valyl-tRNALeu complex are represented in red and black, respectively. In the calculations of RMSDs, part of tRNALeu including the anti-codon
loop, i.e., G30A40, which is not recognised by LeuRS and is expected to have extremely high ﬂuctuations, was excluded (in fact, for the excluded region, the B-factor values
determined by X-ray crystallography are over 150 (11)). (c) Chemical structure of a substrate for the editing by LeuRS. (d) Chemical structure of the inhibitor, Nva2AA, used in
the crystal structure of a LeuRS  Nva2AA complex (PDB code: 1OBC).
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tance is 3.95 Å) [4]. However, this water molecule is in an unfa-
vourable position for a nucleophilic attack. In the crystal
structure, the Ow, C, and O atoms deﬁned in Fig. 2a are almost lin-
ear (the Ow–C–O angle is 160.6), whereas the favourable angle for
the reaction is 90. In addition, a mutagenesis study on Asp342 of
the E. coli LeuRS (which corresponds to Asp344 in the T. thermophi-
lus system) revealed that it does not affect the editing activity (3).
On the other hand, in our modelled structure, the Ow–C vector is
orthogonal to the plane deﬁned by the Ow, C and O atoms (the
Ow–C–O angle is 99.2), as shown in Fig. 2b. Moreover, biochemical
experiments indicated that the 30-HO of A76 is important for the
reaction (personal communication with M. Tukalo), in agreement
with our computational results. The conﬁgurations of the ordered
water molecule suggested by the X-ray crystallography and the
MD simulation show discrepancies because of the difference in
the chemical structures of the ligands, i.e., Nva2AA (used in the
crystal structure) and the true substrate (used in the MD simula-
tion); the 20 oxygen of the substrate is replaced with a nitrogen
atom in Nva2AA (Fig. 1c and d). In the crystal structure of the
LeuRS  Nva2AA complex (1OBC), the closest water molecule can
form a hydrogen bond with the hydrogen covalently bonded to
the nitrogen at the 20 position (Fig. 2a). This allows the water mol-
ecule to be closer to the carbonyl carbon in the crystal structure.
Thus, we concluded that the water molecule hydrogen-bonded
to the 30-HO is the nucleophile. The trajectories of the OwCO an-
gle and the distances between the nucleophilic water and the three
amino acid residues in its vicinity, i.e., Thr247, Thr248, and Asp344,
show the high stability of the nucleophile (Fig. 3). This conclusion
is further supported by the fact that such a water molecule is also
present in other aaRSs that possess editing capability. In the crystal
structures of a class Ia aaRS, theT. thermophilus IleRS [8], and a classIIa aaRS, the Pyrococcus abyssi threonyl-tRNA synthetase (ThrRS)
[27], the crystallographic water molecules hydrogen-bonded to
the 30 and 20 hydroxyl groups, respectively, are located in positions
favourable for nucleophilic attack, and are the closest to the C atom
as compared to the other ordered water molecules present at the
catalytic sites.
3.2. Rotation of the 30-HO leads to the productive complex
In this manner, we have identiﬁed the nucleophilic water, in
good agreement with the available experimental results, as dis-
cussed earlier. However, the trajectory of the 1 ns MD simulation
indicates that the averaged Ow–C distance, 3.4 Å, is still too long
for a nucleophilic attack (Supplementary data S1; Fig. S1a), because
the access of critical water is prevented by the 30-HO, which forms
a hydrogen bond with the nucleophilic water molecule (Fig. 2b).
Based on these results, we performed further structural modelling
to identify the productive structure in the editing reaction. For this
purpose, we explored the mechanisms by which the water mole-
cule could access the C atom of the carbonyl group, using MD sim-
ulations coupled with umbrella sampling techniques.
First, we performed a 1 ns MD simulation in which a distance
constraint between the Ow and C atoms was imposed using a har-
monic potential. In this MD simulation, the hydrogen bond be-
tween Ow and 30-HO was not disrupted, and thus the water
molecule could not approach the C atom (see Supplementary data
S1; Fig. S1b). This suggests that the rotation of the dihedral angle
that includes the hydrogen atom, such as C40–C30–O30–HO30, is
necessary for the nucleophilic attack. It should be noted here that
Thr248, which is well-conserved in the LeuRS, ValRS, and IleRS sys-
tems, is located near the 30-OH. Based on these conﬁgurations, we
performed another 1 ns MD simulation with constraints imposed
Fig. 2. (a) (left) Schematic representation of a conﬁguration of the catalytic site for the editing reaction that is observed in the crystal structure of a LeuRS  Nva2AA complex
in the absence of tRNALeu (PDB code: 1OBC). (right) The crystal structure corresponding to the left panel. (b) (left) Schematic representation of a conﬁguration where a
nucleophilic water perpendicularly accesses the C atom of the carbonyl group of the substrate in the modelled structure of the complex of LeuRS and valyl-tRNALeu (State 1;
see the text). (right) An MD snapshot corresponding to the left panel. (c) (left) Schematic representation of a catalytic conﬁguration where the dihedral angle, deﬁned as C40–
C30–O30–30-HO, is rotated by about 100 in the modelled structure of the complex of LeuRS and valyl-tRNALeu, leading the nucleophilic water to approach the C atom (State 3;
see the text). (right) An MD snapshot corresponding to the left panel. (d) (left) Schematic representation of a catalytic conﬁguration in the MD simulation of the complex,
using the T248 V mutant of LeuRS. (right) An MD snapshot corresponding to the left panel.
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tween the Ow and C atoms. As a result, the dihedral angle rotated,
allowing the 30-HO to form a hydrogen bond with the HOd of
Thr248 (State 2). Moreover, water approaches the C atom, and
the Ow–C distance is reduced to 2.4 Å (State 3). Instead of the dis-
ruption of the hydrogen bond between the 30-HO and the Ow atom,
a new hydrogen bond is formed between the 30 oxygen and ahydrogen atom of the nucleophilic water (Fig. 2c; also see Supple-
mentary data S1; Fig. S1c).
Here, the difference in the degree of the accessibility of the
nucleophile to the C atom is clearly demonstrated by comparing
the distribution functions g(r) of the Ow atom around the C atom,
obtained in these two constrained MD simulations (Fig. 3). In the
MD simulation where the 30-HO forms the hydrogen bond with
Fig. 3. (a) The trajectory of the OwCO angle. The vertical axis shows the time (ps), and the equatorial axis shows the angle (). (b) The trajectories of the distances between
Ow and Cas of Thr247, Thr248, and Asp344, respectively. The trajectory of OwCa of Thr247 is coloured blue, that of OwCa of Thr248 is coloured red, and that of OwCa of
Asp344 is coloured green. The vertical axis shows the time (ps), and the equatorial axis shows the distances (Å).
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observed at a distance around 3.0 Å, whereas in another MD simu-
lation where the 30-HO is rotated to form the hydrogen bond with
the Od of Thr248 (State 2), the peak is shifted to shorter distance
regions around 2.5 Å. In fact, the distribution functions of the Ow
atom around the 30-HO (Fig. 3) revealed that the access of the
nucleophilic water is prevented by the presence of the hydrogen
bond between the 30-HO and the Ow atoms.
We then validated these conformational changes. To determine
the rotation of the dihedral angle, we calculated the potential of
mean force (PMF), using this dihedral angle as the reaction coordi-
nate (Fig. 4a). In the free energy proﬁle, the minimum at about 70
of the dihedral angle corresponds to the state where the 30-HO
forms a hydrogen bond with the water molecule (State 1), whereas
the other minimum, at about 170, corresponds to the state where
a hydrogen bond is formed between the 30-HO and the HOd of
Thr248 (State 2). The free energy of State 2 is greater than that
of State 1 by 2.9 kcal/mol. The free energy barrier detected be-
tween the two minima was calculated as 3.7 kcal/mol, and is
caused by the steric clash of the 30-HO and H50 atoms of A76,
and the amide hydrogen of the Thr247 backbone (Fig. 4b), indicat-
ing that the change in this dihedral angle can be driven by thermal
ﬂuctuations (see Fig. 5).
3.3. Evaluation by using QM/MM hybrid calculations
With respect to State 3 obtained by constrained MD simulations
(Fig. 2c), we evaluated its stability by performing hybrid QM/MM
calculations for the entire system of the solvated LeuRS  valyl-
tRNALeu complex. The calculation results suggested that its poten-
tial energy is comparable with that of State 2; the difference in the
energy values is as small as 1.8 kcal/mol. The electronic structuresFig. 4. (a) The distribution function g(r) around the C atom obtained by the MD simulatio
hydrogen atom of the 30 hydroxyl group of A76 (30-HO). The manner of the colour repreof States 1 and 3 revealed that, in both states, the lowest unoccu-
pied molecular orbital (LUMO) is localised on the carbonyl group
of the substrate, indicating that the C atom can accept electrons
from the nucleophile (Fig. 6 and Fig. S2 in Supplementary data
S2). With respect to the LUMO in State 3, the observed character
of the antibonding orbital of the C–O2
0
bond suggests that the
donation of electrons to the LUMO leads to cleavage of the bond
(Fig. 6). Furthermore, in terms of the nucleophile, the energy differ-
ence between the LUMO and the molecular orbital (MO) where the
contribution of p-orbitals of Ow is greatest signiﬁcantly decreases
through the changes from States 1 to 3 (see Fig. S2 in Supplemen-
tary data S2). This indicates that the nucleophilic attack is facili-
tated by the rotation of the dihedral angle and the formation of
the hydrogen bond between 30 oxygen and the water, while the
highest occupied molecular orbital (HOMO) is localised on the base
moiety of the substrate (Fig. 6). Further approaches of the nucleo-
phile would induce the elevation of the above-mentioned MO; i.e.,
the order of the MO would be raised up to the HOMO level, leading
to the formation of a new bond between C and Ow (see Supplemen-
tary data S2 for more detailed discussions).
3.4. Thr248 acts as an opener of the H-gate
These evaluations conﬁrm that this water molecule comes clo-
ser to the carbonyl group (State 3) by the formation of the hydro-
gen bond between the 30-HO and HOd (Thr248) atoms (State 2).
However, the energy barrier between States 1 and 2 implies that
the approach of the water molecule towards the C atom in the car-
bonyl group does not occur freely, but is limited by the 30-HO,
which is presumed to act as a ‘‘gate” (referred to as the ‘‘H-gate”
here). In contrast, Thr248 (HOd) can open the H-gate, resulting in
the formation of a hydrogen bond with the 30-HO. These resultsn where the H-gate is opened (closed) is coloured red (blue). (b) The g(r) around the
sentation is identical to (a).
Fig. 5. (a) Free energy proﬁle of the rotation of the dihedral angle C40–C30–O30–30-HO. Vertical and horizontal axes represent free energy (kcal/mol) and the dihedral angle (),
respectively. (b) Stereo view of the conformation of the transition state obtained in the calculated free energy proﬁle.
Fig. 6. (left) Schematic representation of State 3 where the H-gate is opened. (right) Stereo views of LUMO, which is localised on the carbonyl group of the valine moiety, and
HOMO, which is localised on the base moiety.
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lowed by the approach of the nucleophile; thus, the opened state
is supposed to be a productive enzyme  substrate complex (ES
complex), while the closed state, which does not allow the ap-
proach of the nucleophilic water, is non-productive.
It should be noted here that even though Thr248 is a highly con-
served amino acid residue among the class Ia aaRSs, this threonine
is replaced with valine in some organisms, such as theT. thermophi-
lus and Deinococcus radiodurans ValRSs. The editing activity, kcat/
Km, of the T248Vmutant of theE. coli LeuRS (the amino acid residue
in E. coli LeuRS corresponds to T248 in T. thermophilus LeuRS) was
reduced by sixfold [10]. This small reduction of the activity indi-
cates that the nucleophile can actually approach the C atom of
the substrate as well as the wild-type (Fig. 2d). To elucidate the
mechanisms of this change in the enzymatic activity, we further
performed a 1 ns MD simulation for the complex in which the
wild-type LeuRS is replaced with the mutant T248V; the con-
straints for the Ow–C distance and the dihedral angle relevant to
the 30-HO were imposed in the MD simulation. As a result of this
change, the 30-HO of A76 hydrogen-bonds with a water molecule;
this corresponds to State 2 of the wild-type LeuRS (the opened
state of the H-gate), suggesting that this water molecule can act
as the HOd of Thr248 (Fig. 2d). Thus, the water molecule can com-
pensate for the functional role of threonine, thereby preserving the
kinetic rate with only a slight reduction. In fact, the Ow can ap-proach the C atom in this MD simulation of the mutant (see Sup-
plementary data S1; Fig. S1d). However, the presence of the
hydrophobic side-chain of the valine in the T248V mutant does
not allow the water to reside at a sufﬁciently stable position to
act as an opener of the H-gate. This may cause the slight reduction
of the rate of the opened state of the H-gate (i.e., the probability of
the productive ES complex), thus leading to a slight reduction in
the accessibility of the nucleophile. In this manner, the apparently
small reduction of the activity in T248V can be explained on the
basis of the ratio of the productive/non-productive ES complexes.
3.5. Exploration of the reaction coordinates and the structural features
for promoting the reaction
Our current investigations focussed on identifying the nucleo-
philic water molecule and the structural properties that lead to
the productive complex essential for initiating the reaction (e.g.,
opening the H-gate). Here, we attempted to induce the water mol-
ecule to approach the C atom by using another scheme: in the MD
simulation, a distance constraint between the 30-HO and the
Thr248 side chain (HOd) was imposed, using a force constant as
small as 5.0 kcal/mol Å2. However, this constraint caused artifac-
tual conformational changes of the Thr248 side chain: The hydro-
gen bond between 30-HO and HOd was formed through the rotation
of the dihedral angle; however, at the same time, the HOd of
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factual structural transition of the Thr248 side chain, induced by
forces acting on HOd derived from the distance constraint. Thus,
from the technical aspect of the simulations, it should be noted
here that to induce the conformational changes of the 30-HO, such
a distance constraint is not appropriate as a bias function for um-
brella sampling. This information might be useful for future analy-
ses, such as those for the estimation of the energy barrier of the
enzymatic reaction using quantum chemistry calculations.
For the accurate estimation of energy barriers in the catalytic
reaction, such careful structural analyses prior to the estimation
are crucial, to provide an appropriate initial structure and the prop-
er reaction coordinates. Both of these have serious effects on the
results of the estimation of activation barriers, even if one uses
state-of-the-art methodologies. In the absence of the proper struc-
tural conﬁgurations and the reaction coordinates for initiating and
promoting the catalysis, artifactual reaction pathways, some with
similar activation barriers, are selected in the simulations. Actually,
such confusion induced by distinct catalytic mechanisms or path-
ways with similar activation barriers was previously found in com-
putational analyses of other enzymatic reactions, such as DNA
polymerase b catalysis [28–33]. Even sophisticated methodologies
would not always yield the correct results without critical informa-
tion, such as a set of reaction coordinates (further discussions are
provided in Supplementary data S3).
Therefore, the information on the structural features obtained
by the present modelling is indispensable in subsequent analyses.
In fact, the distance constraint between the 30-HO and HOd
(Thr248) atoms led to artifactual conformations of the Thr248 side
chain, as discussed. In contrast, the alternative constraint with re-
spect to the rotation of the dihedral angle relevant to the 30-HO led
to the identiﬁcation of the nucleophilic attack by a water molecule.
This suggests once again that the present modelling provides a so-
lid basis for further investigations to elucidate the detailed mech-
anisms of the editing reaction.
3.6. Insights into the other aaRS systems
Our results indicated that the opening of the H-gate leads to the
formation of the productive ES complex, which precedes the ap-
proach of the nucleophile. Accordingly, the lower stability of the
ES complex limits the access of the nucleophile to the C atom, lead-
ing to the reduction of the catalytic activity. In fact, the proposed
mechanism aptly explains the experimental data with respect to
the mutant, T248V. The importance of the 20- or 30-HO of A76
has been identiﬁed in other aaRSs possessing the capability of edit-
ing beyond classes I and II (IleRS and ValRS in class Ia and two en-
zymes, ThrRS and phenylalanyl-tRNA synthetase, which belong to
classes IIa and IIc, respectively) [11,27,34]. Furthermore, in the
crystal structures of T. thermophilus IleRS [8] and P. abyssi ThrRS
[27], the crystallographic water molecules closest to the C atoms
are ones which hydrogen-bond to the 30 and 20 hydroxyl groups,
respectively. Thus, these experimental data suggest that the mech-
anism propounded by this study is shared among these aaRSs; i.e.,
the productive complex may be established through the opening of
the H-gate, leading to a nucleophilic attack and the formation of
the OwC bond by the mechanism discussed earlier. Thus, our re-
sults could serve as a platform for devising further experimental
and theoretical investigations of the editing reactions of these
aaRSs.
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